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ABSTRACT The dynamics of quasispecies afford RNA viruses a great fitness on cell
tropism and host range. To study the quasispecies features and the intra-host evolu-
tion of SARS-CoV-2, we collected nine confirmed patients and sequenced the haplo-
types of spike gene using a single-molecule real-time platform. Fourteen samples
were extracted from sputum, nasopharyngeal swabs, or stool, which in total pro-
duced 283,655 high-quality circular consensus sequences. We observed a stable qua-
sispecies structure that one master mutant (mean abundance ;0.70), followed by
numerous minor mutants (mean abundance ;1.21� 1023). Under high selective
pressure, minor mutants may obtain a fitness advantage and become the master
ones. The later predominant substitution D614G existed in the minor mutants of
more than one early patient. An epidemic variant had a possibility to be independ-
ently originated from multiple hosts. The mutant spectrums covered ;85% amino
acid variations of public genomes (GISAID; frequency$ 0.1) and likely provided an
advantage mutation pool for the current/future epidemic variants. Notably, 32 of 35
collected antibody escape substitutions were preexistent in the early quasispecies.
Virus populations in different tissues/organs revealed potentially independent repli-
cations. The quasispecies complexity of sputum samples was significantly lower than
that of nasopharyngeal swabs (P= 0.02). Evolution analysis revealed that three con-
tinuous S2 domains (HR1, CH, and CD) had undergone a positive selection. Cell
fusion-related domains may play a crucial role in adapting to the intrahost immune
system. Our findings suggested that future epidemiologic investigations and clinical
interventions should consider the quasispecies information that has missed by rou-
tine single consensus genome.

IMPORTANCE RNA virus population in a host does not consist of a consensus single
haplotype but rather an ensemble of related sequences termed quasispecies. The dy-
namics of quasispecies afford SARS-CoV-2 a great ability on genetic fitness during
intrahost evolution. The process is likely achieved by changing the genetic character-
istics of key functional genes, such as the spike glycoprotein. Previous studies have
applied the next-generation sequencing (NGS) technology to evaluate the quasispe-
cies of SARS-CoV-2, and results indicated a low genetic diversity of the spike gene.
However, the NGS platform cannot directly obtain the full haplotypes without
assembling, and it is also difficult to predict the extremely low-frequency variations.
Therefore, we introduced a single-molecule real-time technology to directly obtain
the haplotypes of the RNA population and further study the quasispecies features
and intrahost evolution of the spike gene.
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Coronaviruses are enveloped, single, and positive-stranded RNA viruses that can be
further classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus,

and Deltacoronavirus (1). Betacoronaviruses have a zoonotic potential and can be transmit-
ted from animals to humans causing a novel, severe respiratory disease (2). The severe acute
respiratory syndrome (SARS) caused by SARS-related coronavirus (SARS-CoV) broke out in
2002 and resulted in nearly 8,000 laboratory-confirmed cases and 800 deaths globally (3,
4). The natural reservoir of SARS-CoV was presumed to be Rhinolophus sinensis (coronavi-
rus strains RsSHC014 and Rs3367) (5). In 2012, another betacoronavirus caused the out-
break of Middle East respiratory syndrome (MERS-CoV) (6, 7). By November 2019, MERS
had resulted in 2,494 cases and 858 deaths worldwide (8). The origin of MERS-CoV remains
elusive, but studies have shown that humans were infected by direct or indirect contact
with the infected dromedary camels in Arabian Peninsula (WHO). Although the two large-
scale epidemics have gradually subsided, the threat from zoonotic betacoronaviruses
always exists due to its inherent characteristics (genetic diversity) and frequently contact
between humans and animals (hunting and domestication).

In December 2019 in Wuhan, China, cases of an unknown pneumonia emerged
with the main symptoms of fever, fatigue, cough, and difficult breathing (COVID-19).
The epidemic was confirmed to be caused by a novel betacoronavirus called SARS-
CoV-2 (9). Genomic sequences of SARS-CoV-2 showed a high similarity (;0.96) to bat
coronavirus RaTG13, indicating a potential bat origin of the virus (10, 11). COVID-19 is
still a pandemic; according to the World Health Organization (WHO), there were over
110 million confirmed cases and 2.5 million deaths worldwide as of March 2021.
Although antiviral drugs and vaccines are under development and some of them have
been used clinically (12–15), the actual work will face many challenges, such as long
clinical trials and the risk of poor effects caused by genetic instability (16). For long-
term effective prevention of the disease, it is crucial to study and understand the
underlying genetic dynamics of SARS-CoV-2.

At the consensus genome level, SARS-CoV-2 has been reported with limited varia-
tions (17–20). The RNA virus population in a host does not consist of a consensus sin-
gle haplotype, but rather an ensemble of related sequences termed quasispecies. The
dynamic changes of quasispecies affords RNA viruses a greater probability of changing
their cell tropism or host range or to overcome internal or external selective constraints
(21). The process is likely achieved by changing the genetic characteristics of key func-
tional genes, such as the spike glycoprotein (22). The spike protein has been recog-
nized as a potential therapeutic and vaccine target. Previous studies indicated that
healed patients revealed high titers of SARS-CoV-2 neutralizing antibodies, and anti-
bodies against the spike protein likely provided a main contribution to the protective
effect (16, 23). The spike mutation of D614G is widely spread in infected patients, and
its infection ability is 2.6 to 9.3 times stronger than the early ancestral haplotypes
(24–26). Another currently pandemic variant VOC 202012/01 (lineage B.1.1.7) defined
by 17 mutations (eight of which are in the spike protein) has a 43 to 90% higher repro-
duction number than preexisting variants (27), and the mutations of spike protein are
highly associated with a high mortality rate (28). Spike gene could be primarily deter-
mined the strong infection capability of SARS-CoV-2 through binding the receptor an-
giotensin-converting enzyme 2 (ACE2) of host cells (29, 30). By studying spike gene at
the quasispecies level, researchers can not only observe the intrahost evolution of
SARS-CoV-2 but also widely predict the potential fitness mutations. Several studies
have applied next-generation sequencing (NGS) technology to evaluate these quasi-
species features, and the data revealed a low genetic diversity of the spike gene (16 to
87 single-nucleotide variations [SNVs] or deletions) (31–34). However, the NGS platform
cannot directly obtain full haplotypes without assembling, and it is also difficult to pre-
dict the extremely low-frequency variations because the high depth of coverage
required to differentiate between sequencing errors and true polymorphisms (35).

Therefore, the aim of the present study is to investigate the SARS-CoV-2 spike gene
quasispecies using PicBio single-molecule real-time (SMRT) technology. Two single-
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source infection sets, including nine first- to third-generation patients, were collected,
and then 14 RNA samples were extracted from nasopharyngeal swabs (NS), sputum
(SP), and stool (ST). A circular consensus sequence (CCS)-related algorithm was applied
to obtain high-quality quasispecies haplotypes of the spike gene. Based on this, the
main quasispecies features (structure, complexity, and genetic distance) were investigated
and further compared among different samples. The selective pressures and potential fit-
ness variations of the spike gene were also evaluated. Our results provide insights into the
intrahost evolution of SARS-CoV-2 and also provide important information for its future
prevention.

RESULTS
Ultradeep sequencing of the SARS-CoV-2 spike gene. A total number of 14 sam-

ples were collected form two spread clusters (or groups), the first group (FG) included
five first-to-third infected patients and the second group (SG) included 4 s-to-third
infected patients (Fig. 1; see also Table S1 in the supplemental material). The SMRT
platform produced 26.97-Gb raw sequencing reads (mean 6 the standard deviation,
1.936 0.88 Gb) that resulted in 379,079 CCSs (5,044 to 52,739) (see Table S2). Metagenomic
sequencing based on NGS was used to evaluate the effectiveness of amplification primers.
Reads mapping results showed that more than 98% of the SARS-CoV-2 genomes had no
mutations in the primer regions (see Fig. S1). With the increase of pass number, the main
sequencing errors (gaps, i.e., insertions and deletions) could be self-modified by generating
the CCSs. The statistical results showed that the average gap number of CCS was reduced to
a stable low level (median, 23 [accounting for ;0.60% of the full length]) when the pass
number is equal to 5 (Fig. 2a). Therefore, only CCSs with a pass number of $5 were consid-
ered for further analysis. Below this threshold, we obtained 283,655 high-quality CCSs
(74.83%) that covered;90.54% of the total sequencing data (Fig. 2b; see also Table S2).

Observation of a stable quasispecies structure and a potential advantagemutation.
There were a total of 282,866 (99.72%) qualified CCSs contained the full length of spike
gene. According to sequence similarity, these CCSs could merge into 25,490 nonredun-
dant sequences (defined as mutants) (Table 1). Compared to the reference of an early
ancestral strain (Wuhan-Hu-1, 5 January 2020; GenBank accession no. MN908947.3), all
mutants accumulated 8,976 SNVs and 6,458 amino acid changes (see Table S3). All
samples revealed a similar quasispecies structure of one predominant master mutant
(abundance, 0.57 to 0.77; mean, 0.706 0.06) combined with numerous minor mutants
(abundance, 0.05 to 2.55� 1023; mean, 1.216 7.33� 1023) (see Fig. S2). Two single-
source infection groups contained different master mutants that mainly revealed one
nucleotide difference at nucleotide (nt) 3118, where the master mutants of FG (MFG)
and SG (MSG) harbored nucleotides T and G, respectively (Table 1).

Relative to the reference of Wuhan-Hu-1, MFG contained a SNV of 3118G!T, but
MSG remained unchanged at the same site. Compared to the published GenBank ge-
nome sequences (as of March 2021), the 3118G!T variation never emerged, but it did
emerge in some strains from North America after October 2020 (;10months after the
sampling date of this study) (see Fig. S3 and Table S4 in the supplemental material).
The number of such variants is still rising. However, the origins of the 3118G!T was
different in that MFG had likely evolved from the Wuhan-Hu-1 strain, but the variants
from North America had evolved from strains with the dominant SNV of 1841A!G
(D614G). Our samples were taken around February 2020, which likely suggested that
the spread chain of MFG had been terminated at an early stage. The 3118G!T varia-
tion could result in a valine-to-phenylalanine amino acid change in the S2 domain. By
simulating a three-dimensional protein model, we were able to observe that the muta-
tion could further change its corresponding R group (see Fig. S4 and S5).

The mutant spectra and conversion event between master and minor mutants.
Haplotype clustering was performed using the top 30 abundant mutants of each sam-
ple, and mutant spectra centered by the master one were observed (see Fig. S2).
Assessment of the topological structure and haplotype alignments revealed that most
minor mutants of each sample (96.67 to 100%) were likely evolved from the master
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(see Fig. S2). All 14 mutant spectra could have further merged into two haplotype clus-
ters (clusters A and B) (Fig. 3a). Due to the variation 3118G!T, cluster A and B mutants
were mainly from SG and FG, respectively (see Fig. S6). Within the same single-source
infection group, a high number of 234 (;67%) mutants could be shared by at least
two samples (FG, 112; SG, 122) (see Table S5), while only 27 minor mutants (7.71%)

FIG 1 Details of participants and the samples collected in this study. (a) Family trees of patients with COVID-19. A total of nine patients were assigned to
two different single-source infection groups. Each group contain one main family cluster. (b) Timeline of exposure history to index patients and medical
course of the participants.
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could stably exist in more than 80% samples (FG, 7; SG, 22) (see Table S5). Notably, a
conversion event was observed that the master mutant of one group (M0001 or
M0002) could exist as minor mutants in the other group (Fig. 3).

The mutant spectra were likely the advantage variation pool of the epidemic
strains. The conversion phenomenon between the minor and master mutants was
also observed based on 68,769 public SARS-CoV-2 genomes (GenBank, 1 April 2021).
The consensus genome sequence reflects the high-abundance master mutant in quasi-
species. Three hub haplotypes (H0001 to H0003) were found in the clusters (Fig. 4a),
where all could exist as the minor mutants in the SARS-CoV-2 quasispecies (see Fig. S7
and Table S6 in the supplemental material). Strains of H0001 (with D614G) dissemi-
nated rapidly and further evolved into several epidemic variants, such as B.1.1.7,
B.1.248, B.1.351, B.1.526, B.1.525, and B.1.4291427. Based on the GISAID database (2
April 2021), the six variants contained 29 major SNVs (frequency$ 0.60), where 26
(;90%) had already existed in the quasispecies of early-infected patients (Fig. 4b; see
also Table S7). In particular, the predominant amino acid variation, D614G, was found
in 19 minor mutants from SG2-0131-SP, FG1-0126-SP, FG4-0127-NS, and FG5-0205-ST
(see Fig. S8). We also found that ;91% of 35 potential substitutions relating to the
antibody escape have already existed in one or more early-infected patients (see Table
S8). Further analysis showed that more than 85% of 1,987 accumulated amino acid var-
iations of the spike gene (GISAID database, 2 April 2021; frequency$ 0.1) could also
exist in the mutant spectrums (see Table S9). The mutant spectra could provide the
advantage SNV pool for the current or future prevalent variants. SNVs with high abun-
dance or frequency likely had a high fitness advantage and should be given more
attention. Finally, we obtained 562 missense SNVs that existed in the top 30 abundant
mutants or occurred more than 15 times (see Tables S10 and S11 in the supplemental
material).

Different sampling sites reveal different quasispecies features. Quasispecies fea-
tures were determined based on the quasispecies complexity and distance of mutants.
The quasispecies complexity of sputum (SP) samples was significantly less than those of
other sampling sites of nasopharyngeal swabs (NS) and stool (ST) (t test: P=0.02 and
0.048), where the mean Shannon entropy (Sn) values were 0.416 0.02, 0.466 0.05, and
0.556 0.08 for SP, NS, and ST, respectively (Fig. 5a). For mutant distance, the values for ST

FIG 2 Quality assessments of CCSs. (a) Number of gaps in CCSs under different circular sequencing passes. When pass is equal to 5, the number of gaps
in CCS decreased to a stable low value, which is close to completing self-correction. (b) Meanwhile, accumulated length of subreads with CCS pass$ 5
accounted for 90.54% of total sequencing data.
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samples were higher than for SP and NS samples (t test: P = 0.035 and 0.007), and the
corresponding mean distances were (9.176 0.18)� 1024, (8.016 0.90)� 1024, and
(8.376 0.59)� 1024 for ST, SP, and NS, respectively (Fig. 5b). ST samples revealed the larg-
est value of both quasispecies complexity and mutant distance. Further analysis showed
that the proportions of missense mutations (mean values: ST=78.76%, NS=75.90%, and
SP=75.24%) and nonsense mutations (mean values: ST=4.59%, NS=3.53%, and
SP=4.16%) were also higher in ST samples than in other samples (see Fig. S9).

Evaluating the selective pressure for each function domain. For each sample,
the synonymous mutation rate (dS) and nonsynonymous mutation rate (dN) of the
mutants were calculated to evaluate genetic fitness changes. All domains showed a rel-
atively low mean dS (dSmean) value, (0.886 0.26)� 1024, and had no significant differ-
ence (t test, the cutoff of P=0.05) (see Fig. S10a). The mean dN (dNmean) values for HR1
(heptad repeat 1) and CD (connector domain) were larger than for the whole gene

FIG 3 Haplotype clusters and abundance distribution of the quasispecies mutants. (a) All of the top 30 abundant
mutants of each sample were used to perform haplotype clustering analysis. Samples were distinguished by
different colors, where FG samples are marked with warm colors and SG samples are marked with cold colors. Two
clusters are mainly assigned to FG (group B) and SG (group A), respectively. (b) Mutants that exist in any samples
with the top 30 abundance are listed, and the abundance value is indicated by the width of the rectangle. Mutants
that are shared by adjacent samples are connected with a Bezier curve (gray), whereas two master mutants are
highlighted in red and green. A conversion phenomenon is observed between the minor and master mutants.

Quasispecies Studies of SARS-CoV-2 Spike Gene

Volume 9 Issue 1 e00261-21 MicrobiolSpectrum.asm.org 7

https://www.MicrobiolSpectrum.asm.org


FIG 4 Comparisons for SNVs between current epidemic variants and the quasispecies mutants. (a)
Haplotype clustering of the public consensus genomes of GenBank (as of 1 April 2020;
occurrence$ 10). Three main clusters are found and centered by three haplotypes H0001-H0003. Six
current epidemic variant lineages are highlighted and evolved from a predominant variant with
D614G mutations. (b) A total of 29 advantageous variations were found in the six lineages, 90% of
which were found in the quasispecies mutants of early-infected patients. Each functional domain is
marked by a rectangle. NTD, N-terminal domain; RBD, receptor-binding domain; S1/S2, protease
cleavage site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector domain; HR2,
heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail.
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level (P=0.018 and 0.02, t test), while the dNmean value for FP (fusion peptide) was less
than for the whole gene level (P = 0.00038, t test) (see Fig. S10b). dN and dS were com-
pared to measure the selective pressures. The whole gene sequences revealed a poten-
tially positive selection, and the dNmean value was slightly larger than the dSmean value
(P=0.049, t test). The positive selection effect was mainly contributed by three contin-
uous subdomains of HR1, CH (central helix), and CD, where the dNmean value was signif-
icantly larger than the dSmean value (P = 0.011, 0.0031, and 0.0011, respectively; t test)
(Fig. 6a). Moreover, the vmean (dNmean/dSmean) values for these three domain regions
were also significantly larger (t test) than for the whole gene level (vmean� 1) (Fig. 6b).
The FP domain seemed to undergo a potential purifying selection, where the value of
vmean was obviously less than 1 (Fig. 6b).

DISCUSSION

The SMRT strategy directly produced comprehensive and high-quality haplotypes
for the whole spike gene of SARS-CoV-2. The quasispecies revealed a stable structure
that one predominant master mutant combined with numerous minor mutants. The
minor mutants had potential ability to obtain the fitness advantage and shift to the master
one. The dominant mutations in the epidemic strains may already exist in the quasispecies
of early-infected patients, and such mutations could originate from multiple hosts through
intrahost virus mutating. The quasispecies mutant spectra would provide valuable infor-
mation for tracing virus origins and predicting future advantageous mutations. Different
tissues or organs brought different pressures to the survival of the quasispecies mutants.
The cell membrane fusion-related subdomains were crucial for adapting to the host
immune system. The present study could deepen our understanding of the underlying
mechanisms on intrahost evolution of SARS-CoV-2.

High-quality haplotypes lay the foundation for the subsequent analysis and inter-
pretation. The amplification primers were highly conserved (see Fig. S1 in the supple-
mental material), which ensured the mutants we obtained had a broad spectrum and
could be close to reflect its true diversity. CCSs with a pass number of $5 were not
only close to the best results of gap correction (Fig. 2) but also revealed a low substi-
tute error of ;0.023% (36). Under this threshold, the SMRT platform produced an aver-
age of ;20,000 qualified CCSs for each sample. The clone (or haplotype) number was
much more than that produced from traditional Sanger methods, such as the study of
SARS-CoV quasispecies that obtained 28 full spike clones for 19 patients (37). Under
the same SMRT platform and threshold (pass number$ 5), a recent study of HCV

FIG 5 Comparisons of quasispecies features between different sampling sites. (a) Evaluations of quasispecies
complexity for three sampling sites. The value of standardized Shannon entropy (Sn) was calculated, and
sputum samples contain the significantly lowest Sn value compared to others. (b) Genetic distances of quasispecies
mutants. Stool samples reveal significantly higher genetic distances than other two sampling sites.
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quasispecies produced an average 8,130 CCSs for each sample (36). These indicated
that a sufficient and high-quality data set was obtained in the present study.

We observed a stable quasispecies structure that unique predominant master mu-
tant (mean abundance, 0.70) combined with numerous low-abundance minor mutants
(mean abundance, 1.21� 1023), which seemed like a mutants cloud with “master 1
dust” (see Fig. S2). For the spike gene level, the proportion of master mutant was larger
than the SARS-CoV (,0.50 [based on fluorescent signal of Sanger sequencing]) (37)
and less than the MERS-CoV (;0.88 [based on the mapping results of NGS reads]) (38).
The functional importance of the spike glycoprotein likely resulted in a conservative
gene sequence. However, the abundant advantage of the master mutants may be
larger than the true situation due to the potential amplification bias (39). Conversion
events between the master and minor mutants can happen, such as the master mutant
with F1040 and the public dominant strain with G614 (25, 26) may both exist as minor
mutants in our early-infected samples (Fig. 3; see also Fig. S8). The conversion event
may happen between the minor and master mutants when a minor mutant adapts to
a specific high selective pressure (40). Variants with G614 were 2.6 to 9.3 times stronger

FIG 6 Estimation of the selective pressure for each functional domains of the spike protein. (a)
Comparisons between the dN and dS values for all domains and the whole gene level (ALL). Three
consecutive domains of HR1, CH, and CD show a mean dN value than significantly larger than that for
dS. (b) Distribution of the v (dN/dS) values. The vmean values for the HR1, CH, and CD domains are
significantly larger than that of the whole gene level (vmean� 1).
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than the early ancestor (41). Although mutants with the F1040 amino acid may obtain a
fitness advantage (see Fig. S4 and 5), it had not spread as widely as the variants with
G614, and it was only be found in strains from North America after ;10months (see Fig.
S3 and Table S4 in the supplemental material). A timely clinical testing and isolation
treatment may play a crucial role in blocking the spread of F1040 variants.

Except for F1040 and G614, more than 85% amino acid changes of the globally preva-
lent variants can be found in the quasispecies of early-infected patients (see Table S9),
including the current predominant lineages such as B.1.1.7 (42) and B.1.351 (43)
(Fig. 4). Quasispecies mutant spectra can be treated as the advantage mutation pool of
the potential epidemic variants (future or current). Importantly, the mutation pool may
contain potential fitness substitutions related to drugs or inhibitor resistance and anti-
body escape. The host cell-derived serine protease TMPRSS2 plays a key role in spike
protein and ACE2 interaction (44); it is therefore taken as an important target for the
known inhibitors, such as camostat mesilate (45). The predominant mutation D614G
showed potential resistance to the camostat mesilate through enhancing affinity
between the S1-S2 hinge region and TMPRSS2 protease (46). The spike receptor bind-
ing domain (RBD) is essential for viral entry by interacting with the ACE2 receptor on
host cells and is the key target for neutralizing antibodies (47). Most of the candidate
substitutions relating to antibody escape on the RBD of circulating SARS-CoV-2 in
GISAID (48) could be found in the early-infected patients (see Table S8). The preexis-
tence of potential fitness mutants suggests the importance of quasispecies on the de-
velopment or selection of antiviral drugs.

The range of fitness mutations may be limited because most of mutations (;65%)
could be recurrent between hosts with different lineages and spread clusters (see
Table S3). In this situation, the same advantage variation could exist in several unre-
lated hosts at the same time, which made it complicated to trace the virus origins. The
predominant G614 genotype simultaneously existed in minor mutants of patients from
two unrelated spread clusters (see Fig. S8). Under the possible conversion event, the
minor mutants with G614 had the ability to become the master and further break
through the transmission bottleneck. It was reasonable to assume that the epidemic
variants with G614 were more likely multi-originated from different hosts. Results from
the variation tracking had also shown a recurrent pattern of G614 increased at multiple
geographic levels (26). The consensus genome sequences only reflected the master
mutants and contained limited mutations (17–20), investigating the origins of a variant
should consider the hidden dusty minor mutants.

Different sampling sites (tissues/organs) exhibited different pressures on virus sur-
vival and further shaped the fitness landscape of the quasispecies. Sputum samples
showed a significantly lower complexity than did nasopharyngeal swabs and stools
(Fig. 5a), where the fitness advantage of the master mutant was further amplified. On
the contrary, stool samples had the largest quasispecies diversity (complex and genetic
distance) than other two types (Fig. 5), where the fitness advantage of the master mu-
tant was decreased slightly and the classes of mutants tended to be diversified. The
diversifying of the quasispecies mutants indicated potential independent virus replica-
tions in different tissues or organs. Nasopharyngeal swab samples are from the upper
respiratory tract, and sputum samples are from the lower respiratory tract. Different tis-
sue types and spatial positions lead to differences in immune restriction, virus dynam-
ics, and virus replication and then lead to diversification of quasispecies. Similar replica-
tion patterns had also been observed between throat and lung (49) or between the
lower (induced sputum) and upper (nasopharyngeal swab) respiratory tracts (31, 34).
No reports have demonstrated that viable SARS-CoV-2 virus can be directly isolated
from stools. The stool SARS-CoV-2 viral RNA may be from swallowed discharges of the
upper and lower respiratory tract (mixture), not from infected intestinal mucosa or bile
ducts, which confers the larger diversity in stool samples than sputum or nasopharyngeal
swab samples. The mixture of the virus may introduce more variations and further increase
the diversity and genetic distance of the quasispecies.
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Evolutionary analysis has shown that a continuous S2 region, including HR1, CH,
and CD subdomains, was likely undergone a positive selection pressure (dN/dS. 1)
(Fig. 6). It has been reported that the HR (membrane fusion related) combined with the
RBDs played a crucial role in entering into the host cell and adapting to the immune
system (50). At the consensus genome level, a potential positive selection site, such as
G999C, had also been identified in the CH domain (51). Moreover, our results also sug-
gested that the fusion peptide (FP) in the S2 region tended to remain fixed (dN/dS, 1
[purifying selection]). However, no selective signals were detected in the RBD. One pos-
sible reason is that the evolution period of quasispecies was short in the hosts.
Nevertheless, highly selective pressures were acting on the S2 region, indicating the
cell membrane fusion-related domains were likely crucial for the intrahost survival of
SARS-CoV-2.

There are limitations in this study. First, due to technical limitations, it is currently
difficult to obtain a haplotype with a full-length genome (;29 kb), and the spike gene
(;4 kb) may partially reflect the genome-wide quasispecies information. Second, an
insufficient number of samples and a short period of follow-up made it difficult for us
to observe the dynamics on a relatively large scale. Third, due to the sequencing errors
of the SMRT platform, the present study only focused on SNVs. Other mutation types,
such as insertions, deletions, and structural variations, should also be explored in
future studies.

Ultradeep sequencing of the spike gene facilitated our study of quasispecies with a
relatively high resolution. We not only observed a stable quasispecies structure but
also found a potential conversion event between the master and minor mutants.
Mutation spectra of a host (especially the minor mutants) likely contained the domi-
nant variations of the current or future epidemic strains. The prevalent variants might
originate from multiple hosts. Cell membrane fusion-related domains of the spike gly-
coprotein revealed a high selective pressure and functional importance during intra-
host evolution. Future molecular epidemiologic investigations, clinical interventions,
and vaccine designs need to consider the SARS-CoV-2 quasispecies that are missed by
routine single consensus genome.

MATERIALS ANDMETHODS
Participants in the study. Nine patients with laboratory-confirmed COVID-19 were included in this

study. All of them were admitted to Chongqing Public Health Medical Center (CPHMC), the designated
hospital for COVID-19 treatment in the Chongqing center area. This study was approved by the CPHMC
ethics committee (2020-002-01-KY) and conducted in accordance with Declaration of Helsinki principles.
Written informed consent was obtained from each subject.

According to the epidemic history, all patients were divided into two single-source infected clusters
or groups: the first group (FG) and the second group (SG) (Fig. 1a). The FG contained a familial cluster
containing five SARS-CoV-2-infected patients, including one first-generation case infected in Wuhan
(patient FG1), and four second-generation cases (FG2, FG3, FG4, and FG5) infected by FG1 in Chongqing,
China (Fig. 1b). Patients directly infected by the first-generation patient were defined as second-genera-
tion patients. Similarly, third-generation patients were infected by second-generation patients. The first
case FG1 (a 70-year-old male) was a local resident in Wuhan who came to Chongqing to visit his younger
sister’s (FG2) family (FG2’s husband was FG3, FG2’s son was FG4, and FG2’s grandson was FG5) in 15
January 2020 by taking a train, and then they lived together from that day onward. On that day, FG1 pre-
sented a symptom of fever (highest temperature, 37.7°C) and coughing and took an antipyretic. FG1
went to a clinic on 21 January due to no relief of symptoms and tested positive for SARS-CoV-2 on
January 24. FG1 was then transferred to the designated hospital (CPHMC). FG2 (60 years old), FG3 (62
years old), FG4 (36 years old), and FG5 (10 years old) began to experience present fever and/or cough
symptoms, with highest temperatures of 39.3, 38, 37.5, and 38°C from 24, 19, 24, and 25 January, respec-
tively. All second-generation patients were tested on 25 and 26 January; the results were positive, and
they were transferred to CPHMC also on 27 and 31 January. CT scans showed classical diffuse ground-
glass opacity in both sides of the lungs for all five patients, and they received lopinavir/ritonavir plus
interferon-a antiviral treatment. In addition, FG1, FG2, and FG3 were given oxygen support though nasal
cannula. FG1 developed severe illness with the underlying condition of 15-year hypertension. All of
these patients recovered and were discharged from the hospital after treatment.

The SG contains four second- to third-generation patients infected by the same first-generation
case, including one patient (SG1) from an unknown family and the remaining three patients from the
same family (SG2, SG3, and SG4) (Fig. 1a). The first-generation cases returned to Chongqing from Wuhan
on 20 January and then had dinner with two friends (SG1 and SG2) on 21 January. SG1 and SG2 pre-
sented with symptoms of fever and cough, took self-administered antipyretic, and received positive test
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results on 23, 24, and 26 January. Through direct contact, two family members of SG2 were also infected
and revealed positive viral RNA results on 19 January, including SG2’s wife SG4 and SG4’s father SG3.
According to the order of contact, SG1 and SG2 were considered as second-generation cases, while SG3
and SG4 were third-generation cases. For the patients from FG and SG, a total 14 samples were extracted
from nasopharyngeal swab (NS), sputum (SP), or stool (ST). The sample time points are presented in
Fig. 1b. All patients recovered and were discharged from the hospital after treatment.

Extraction and amplification of the spike gene. Viral RNA was extracted by using a EZ1 virus mini-
kit (Qiagen, Germany), and then 8ml of each was reverse transcribed into cDNA by using a commercial
company’s reverse transcription kit (TaKaRa, 6110A). The full-length spike gene (3,882 nt) was further
amplified by using a pair of RT-PCR primers designed by online methods from the National Center for
Biotechnology Information. The forward primer was 59-barcod-AGGGGTACTGCTGTTATGTCT-39, and the
reverse primer was 59-barcod-GCGCGAACAAAATCTGAAGG-39. We used a 50-ml PCR system to conduct
the PCR, and the system included 5ml of SARS-CoV-2 cDNA, 2.5ml of forward and reverse primers
(10mmol/liter), 25ml of Q5 High-Fidelity 2� Master Mix (NEB, M0492S), and complement volume with
nuclease-free water (Thermo Fisher). The PCR conditions were as follows: denaturation, 98°C/30 s; circu-
lation (35 times), 98°C/10 s, 54°C/30 s, and 72°C/3min; and extension, 72°C/6min. The PCR product was
electrophoretic in 0.8% agarose gel to verify whether the product was successfully amplified. Next, we
used AMPure PB beads (Pacific Biosciences, USA) for PCR product size selection. First, the AMPure PB
beads were diluted to 35% using elution buffer; the diluted AMPure PB beads were then used for enrich-
ment fragments larger than 3 kb (the target fragment was 3,882 nt), and the volume of the diluted
AMPure PB beads was about three times the sample volume. After size selection, full-length DNA of the
spike gene was quantified using a Qubit 2.0 fluorometer and a Qubit dsDNA HS assay kit (Thermo Fisher,
Q32851). Due to sample quality or load of viral RNA, not all three sampling types successfully amplified
the target segment. In addition, seven samples were obtained using next-generation sequencing reads
from metagenomic sequencing, which was used to access the amplification bias by BWA software (52)
(see Fig. S1). Finally, a total of 14 samples passed the quality control and were screened for further analy-
sis (see Table S1). The sample names were generated using patient code numbers, the sampling date,
and the sources of the nucleic acid. For example, “FG1-0126-NS” means viral RNA was extracted form na-
sopharyngeal swabs of FG1 patients on 26 January 2020.

SMRT sequencing of the target segments. About 100 ng of full-length DNA of spike gene was
used for library construction. In short, the full-length cDNA was subjected to damage repair, end repair/
A-tailing, and ligation of the SMRT adapter and unique label for each sample. The primers and DNA-
binding polymerase were combined to generate a complete SMRT bell library. After qualitatively analyz-
ing the library, a PacBio Sequel I platform was used for sequencing according to the effective concentra-
tion of the library and the data output requirements. We applied SMRT Link software package (https://
www.pacb.com/support/software-downloads/ to obtain the CCSs), and only CCSs with more than five
full passes were considered for the additional analysis.

Data processing. After performing the quality control and removing the low-quality subreads (mini-
mum predicted accuracy of 90%), we obtained 26.97Gb of subreads for all 14 samples (see Table S2).
Our results showed that the gap number of CCSs decreased rapidly and tended to be a stable low level
when the pass was equal to 5 (Fig. 2a). Further statistics showed that such reads account for ;90% of
total sequencing data (Fig. 2b; see also Table S2). The spike gene of strain Wuhan-Hu-1 (extracted from
patients with early infection in Wuhan; GenBank accession number MN908947.3 [submitted on 5
January 2020]) (53) was used as reference to detect SNVs. We applied BLAST (54) software to perform an
alignment between CCSs and the reference, and then we obtained all of the CCSs containing the full
length of the spike gene (Table 1). Meanwhile, SNV information was extracted using PERL scripts based
on the BLAST results. CCSs with the same haplotype were further clustered into the one mutant (haplo-
type), and its abundance was further calculated using PERL scripts (see Fig. S2). The software PopART
(v4.8.4) was used to perform haplotype clustering (55). The diversity of quasispecies was detected by cal-
culating the standardized Shannon entropy (Sn) and the mean genetic distance (Fig. 5). The former for-
mula is Sn= –Ri (pi s² lnpi)/lnN, where pi is the frequency of the top abundance quasispecies, and N is
the total number of quasispecies haplotypes. The R program was applied to perform the principal com-
ponent analysis (see Fig. S6). The three-dimensional ribbon models for the spike protein were prepared
by UCSF Chimera (56) based on the entry 6VSB in Protein Data Bank (57) (see Fig. S4 and S5). MEGAX
(58) was used to calculate the mean genetic distance and to carry out the phylogenetic analysis. For
haplotype clustering, more than 68,000 public consensus genomes of SARS-CoV-2 were collected from
the GenBank database by 1 April 2020. To query SNV 3118G!T, an online BLAST tool was used to align
the master mutant to the consensus genomes from the GenBank database. The genomes of the epi-
demic lineages of B.1.1.7, B.1.248, B.1.351, B.1.526, B.1.525, and B.1.4291427 were collected from GISAID
database (as of 2 April 2020) (see Table S7 in the supplemental material). Meanwhile, all accumulated
amino acid variations of the spike gene were also downloaded from GISAID database (as of 2 April
2020), and all 35 potential antibody escape mutations were collected from the literatures (see Tables S8
and S9). The mutations were annotated and extracted by using in-house PERL scripts.

Data availability. All the quasispecies amino acid variations and other data are included in the sup-
plemental material online or available from the authors upon reasonable requests. Public SARS-CoV-2
consensus genomes are available in GenBank (https://www.ncbi.nlm.nih.gov/datasets/coronavirus/
genomes/). All potential dominant amino acid variations (occurrence$ 10) can be found in the GISAID
database. Please visit and log in to the official website https://www.gisaid.org/. The amino acid substitu-
tions of the Spike gene can be accessed by clicking the “spike glycoprotein mutation surveillance” entry
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under the EpiCov item. Six epidemic variants are available by querying the lineage keywords of B.1.1.7,
B.1.248, B.1.351, B.1.526, B.1.525, and B.1.4291427 at the “Search” entry under the EpiCov item.

All raw mutant sequences of 14 samples have been deposited in the National Genomics Data Center,
Beijing Institute of Genomics, Chinese Academy of Sciences/China National Center for Bioinformation, under the
accession numbers GWHBDHM00000000, GWHBDHN00000000, GWHBDHO00000000, GWHBDHP00000000,
GWHBDHC00000000, GWHBDHD00000000, GWHBDHE00000000, GWHBDHF00000000, GWHBDHG00000000,
GWHBDHH00000000, GWHBDHI00000000, GWHBDHJ00000000, GWHBDHK00000000, and GWHBDHL00000000,
which are publicly accessible at https://ngdc.cncb.ac.cn/gwh/. The data can also be accessed under the accession
number CRA004527 that is publicly accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA004527.
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